Abstract. The shelf-life of a previously developed two-part liquid-liquid enzyme ceruminolytic product was improved maintaining the same final reconstituted composition and re-formulating the liquid enzyme portion as a drug granulate by a double wet granulation process. The critical steps for the preparation of the granulate were studied (mixing/granulating times and drying) determining the proteolytic activity, the residual ethanol, and the moisture content of the granulates. The original liquid-liquid formulation had been proven effective as a ceruminolytic agent, but only had stability of greater than 75% enzyme activity for up to 18 months and up to 1 day at room temperature after combining the two parts. The resulting improved product was proven to be stable for up to 24 months at 30°C, and up to 3 days at room temperature after combining the two parts. Therefore, maintaining the enzyme in a granulated form until reconstitution afforded an improvement in stability compared with the original two-part liquid-liquid formulation.
INTRODUCTION
In a previous study, a proteolytic enzyme-based ceruminolytic product was developed which was proven more efficacious than comparator products in vitro (1) . The enzyme methyl trypsin (MT) was chosen as a ceruminolytic enzyme based on its efficacy in digesting human cerumen and relative stability compared to other enzymes (1, 2) . Shelf-life was a challenge with this product since enzymes in aqueous solutions are inherently unstable due to a variety of intramolecular and intermolecular chemical reactions including hydrolysis, aggregation, deamidation, oxidation, β-elimination, and changes in conformation that may result in a loss of biological activity (3, 4) . Stability was ultimately achieved through the use of a novel two-part bottle that kept a stable, acidic enzyme solution and a basic vehicle separated until just prior to use when the two parts could be easily combined inside the container. Though marginally acceptable stability was obtained, work continued to enhance the shelf-life of the original product.
While keeping the final composition of the reconstituted product constant, it was thought that proteolytic stability could be enhanced by formulating the enzyme as a solid through an inexpensive process. Dry process-roller compaction was not considered due to the small volumes involved in this product (the normal batch size for this product was about 0.5-10 kg) and because it might cause a relatively large amount of waste as dust and fines (5) . Lyophilisation was disfavored due to the risks of freezing and drying (6) (7) (8) , and protein aggregation (9, 10) . Supercritical fluid antisolvent has been used to obtain microparticulate protein powders, but it exposes proteins to potentially deactivating environments including organic and supercritical non-aqueous solvents, high pressure, and shearing forces (11) . Direct compression was not considered because it would have required the use of different excipients to enhance flowability and compressibility (such as microcrystalline cellulose, magnesium stearate, or cross-linked sodium carboxymethylcellulose) (12, 13) which would have involved altering the original reconstituted formula. Wet granulation, which is commonly used in the pharmaceutical industry to process fine powder blends (14) , was ultimately chosen as an inexpensive and most straightforward method to formulate the solid enzyme.
The aim of this study was to develop a two-part, solidliquid (S-L) product with improved shelf-life (i.e., proteolytic activity) compared to the previously developed two-part, liquid-liquid (L-L) product, while maintaining the same final composition as the original L-L product. This paper describes the double wet granulation processing employed and the improved stability of the new product. 
MATERIALS AND METHODS

Materials
Composition of S-L and L-L Formulations
The goal of this project was to develop an S-L formulation with improved stability compared to the original L-L formulation, while maintaining the composition of the original reconstituted product. The novel two-part bottle was the same as previously described (1, 15) . The compositions of the S-L and L-L formulations are listed in Table I .
Preparation of Final S-L Formulation for Stability Studies
In the S-L formulation, one compartment contained the enzyme as granulate (Part I) and the other, the basic vehicle (Part II). The granulate was prepared by a double wet granulation process as indicated in Fig. 1 . The granulating fluid used was anhydrous ethanol. To manufacture a 10-kg batch size lot, the granulation was performed in a Prat beater (Prat, Barcelona, Spain) with a high speed Glatt siever (model TR-120-02, Glatt-Labortecnic, Barcelona, Spain). The drying process was carried out in a drying chamber (model CET-0/830, Dycometal, Barcelona, Spain) at 20-25°C, with an air cycle of 10 s per hour for at least 16.5 h for the preliminary granulate and 6 s every 30 min for at least 18 h for the final granulate. To manufacture a 0.5-and a 2-kg batch size lot, the granulation was performed in a Kenwood beater (Kenwood, New Lane, UK), and the drying process was performed in a climatic chamber (model HC-0100/S, Heraeus, Hanau, Germany) at 25°C. After drying, the small size granulates were sieved at 500 μm. The temperature and the relative humidity of the room (RH) were monitored on a recorder (Haenni, Vendôme cedex, France). The in-process controls for preliminary and final granulates were pH of granulate, moisture content (by Karl Fischer analysis), sieve test (16) , residual alcohol, and proteolytic activity (only final granulate). In practice, Part I was combined just prior to use with Part II to achieve the final solution (reconstituted sample).
Storage Stability Studies
The long-term stability study of the enzyme was carried out with three primary stability batches of final S-L formulation in accordance with current International Conference on Harmonization stability guidelines for liquids in semipermeable containers: (17) 5±3°C, 25±2°C/40±5% RH, 30± 2°C/60±5% RH, and 40±2°C/20±5% RH. Samples were assayed for proteolytic activity and BAC content for 2 years (0, 3, 6, 9, 12, 18, and 24 months) following reconstitution at each time point. After 24 months of storage at 25°C/40%RH, samples of two lots of final formulation were reconstituted and analyzed for their proteolytic activity, initially, at 1 and at 3 days after reconstitution. Proteolytic activity results were expressed as means (±standard error (SE)) of three determinations, and BAC results were expressed as means of two determinations.
Methyl Trypsin Proteolytic Activity Assay
The proteolytic activity of MT was determined spectrophotometrically as previously described (1).
Benzalkonium Chloride (BAC) Assay
The BAC content was determined by high-performance liquid chromatography as previously described (1). 
Residual Ethanol Assay
Residual ethanol content of the preliminary and final granulates after drying was determined by gas chromatography (HP6890 Series II GC equipped with flame ionization detector, HP6890 autoinjector, 9100 Packard Hydrogen Generator, and HP ChemStation, Santa Clara, CA, USA). Diluted solutions were injected (3-mL loop volume) onto a fused silica capillary column (Tracer TR-WAX, polyethylene glycol phase, 30 m×0.53 mm i.d., 1.0 µm film coating) with helium carrier flow rate of 5 mL/min. Results were expressed as means (±SE) of three determinations.
Moisture Content by Karl Fischer (KF)
To determine the water content of the granulate, a Karl Fischer (KF) titration was performed (using a Titrinum equipment model KF701, Metrohm, Herisay, Switzerland). Samples were weighed and immediately put into the chamber. The extraction time was 10 min.
MT Milling Process
Two different lots of raw material, 100 g each, were milled for a period of time (30, 60, 90, and 120 s) using a blender (model 36BL12, Waring, Torrington, CT, USA) at <30°C and ≤40% RH. The temperature and RH of the room were recorded (Haenni recorder, Vendôme cedex, France) at the beginning and at the end of each milling, as well as the temperature of raw material after each milling, to evaluate the effect of the temperature on proteolytic activity. The proteolytic activity of the enzyme was determined by USP method (32nd Edition, Vol. 3, Monograph 3823) after each milling using unmilled samples as control. Results were expressed as means (±SE) of three determinations. The particle size was tested using a microscope (BX40, Olympus, Center Valley, PA, USA). The proteolytic activity data in Table II show that there was not a significant loss in enzyme activity after 120 s of milling (p>0.05). The specification criteria for particle size was that not less than 90% of particles were below 10 µm to achieve a homogeneous distribution of the enzyme in the granulate. This size was reached after 120 s of milling.
The temperature of the raw material increased as a function of the milling time (maximum temperature obtained was 43.5°C for a milling time of 90 s), but it did not affect the proteolytic activity. The moisture content of MT was not affected by the RH of the room (40-44% RH). During the milling process, the enzyme moisture content raised maximum up to 1.0% (Table II) .
Statistical Analysis
Where appropriate, data were analyzed using analysis of variance. Statistical significance was determined using the regular t test, with p values of <0.05 being significant.
RESULTS
The critical steps for the double wet granulation process were studied, and a stability study of the resulting S-L product was followed. Proteolytic activity of at least 75% was sought since this activity was previously shown to be efficacious (1). To evaluate the physical mixture between MT and preliminary granulate, three lots of 2 kg (C1-C3) each were prepared with three different lots of MT raw material: two mixing times were tested 10 and 15 min (Fig. 1) . These physical mixtures were granulated afterwards with an alcoholic mixture made of anhydrous ethanol and poloxamine for 10 min to obtain the final granulate. An appropriate mixing time for the granulate had to be determined due to the difference between the particle size of the preliminary granulate (>95% particles between 63 and 250 µm) and MT (>90% particles <10 µm) The optimum mixing time was identified as 10 min since there was no statistically significant difference (p>0.05) in proteolytic activity between 10 and 15 min of mixing (data not shown). The process provided an adequate homogeneity of MT in the final granulate since SE was <10%. In addition, the homogeneity was maintained during the filling process in Part I of the two-compartment bottle because proteolytic activity results were similar to those obtained for the bulk granulate (Table III) . The 10-min mixing and granulating times were confirmed during the manufacture of three lots of 10 kg each (D1-D3; Table III) .
Although there is a difference in proteolytic activity results of small-and large-scale batches (Table III) , the reproducibility is assured. Variability in the manufacturing process can be attributed to analytical variation and nonhomogeneity. The analytical error for proteolytic activity assay, an enzymatic digestion of casein, is approximately 5%. Furthermore, there may be as much as 10% variability due to the lack of homogeneity attributable to the dispersion of the active (MT) in the preliminary granulate, both with different particle size. Taken together, the reproducibility target may be as much as 15%.
Drying Process of the Preliminary and Final Granulates
Exploratory trials gave evidence of a relationship between RH and drying efficiency to obtain residual ethanol less than 100 ppm. Five preliminary granulate lots (E-I) of the same size (0.5 kg) were manufactured in a beater and dried at 25°C and at different RH values for 16.5 h (Fig. 1) . Not less than 45% RH was required inside the drying chamber for evaporating the granulating fluid, anhydrous ethanol. The granulate moisture content was not affected by the increment in ambient RH (Table IV) . Three 10-kg scale-up granulates (D1-D3) were prepared using a beater and a high speed Glatt. The preliminary granulates were dried in a drying chamber at 20-25°C for 18.5-20 h (Table V) . The ambient conditions recorded were 21-25°C/40±10% RH. The moisture content of these lots was between 11.7% and 12.5% ( Table V) . Considering that the Eur. Ph. Monograph for sodium citrate (18) establishes a moisture content between 11.0% and 13.0% and the water content of the preliminary granulate was mainly due to this excipient, the granulate moisture results were considered satisfactory. Temperature control was critical during drying of the final granulate since the enzyme was easily degraded above 40°C for a long periods of time. The 10-kg final granulates (D1-D3) were dried in a drying chamber at 20-25°C in 20-22 h (Table V) . The ambient RH did not affect the process (recorded ambient conditions: 21-22°C/36-40% RH). The moisture content was optimum, between 11.7% and 12.2%. The particle size of both granulates, preliminary and final, was repetitive in all three lots. Not less than 95% of particles were between 63 and 250 µm (Ph. Eur. sieve test (16)). The pH in solution of preliminary and final granulates was maintained at 6.5±0.1.
Long-Term Stability Study of the Final S-L Product
The main reason to develop the S-L formulation was to improve the long-term stability of the enzyme in aqueous solution once reconstituted compared with the original L-L formulation. Therefore, three lots of S-L formulation were prepared, stored, pulled, Parts I and II combined, and tested for proteolytic activity and BAC content at time intervals for 2 years. The BAC content did not significantly decrease over the 2-year period (p>0.05) at all storage conditions (data not shown).
Long-term stability results for the S-L formulation demonstrated that proteolytic activity in the finished product tends to degrade with time and increased temperature above and including 25°C (Fig. 2) . Proteolytic activity of at least 75% was maintained when stored at 5°C, 25°C, and 30°C for 24 months prior to reconstitution. The rate of loss of proteolytic activity per month was 0.00-0.38% at 5°C, 0.13-0.46% at 25°C, 1.04-1.08% at 30°C, and 0.25-0.42% at 40°C. This represented an improvement over the original L-L product which maintained 75% proteolytic activity for only up to 18 months at 30°C (1) .
At various time points during the stability program, the S-L product stored at 25°C/40% RH was pulled and the two parts combined, and the proteolytic activity was assessed for 1, 3, and 7 days. These data were compared to data previously gathered for the L-L product (1) . At the beginning of the stability study, the enzyme activity of S-L formulation was significantly higher (p=0.0024) than previously observed for the L-L formulation after 7 days of reconstitution at room temperature (RT; Fig. 3 ). Even after 24 months of storage at 25°C/40% RH, the enzyme activity for two S-L lots tested after 1 day of reconstitution was 88% and 83% and after 3 days of reconstitution was 77% and 76%, respectively (Table VI) . These results represented an improvement over the original L-L product which maintained 75% proteolytic activity for only up to 1 day at RT after storage for 2 years at 25°C/40% RH (1).
DISCUSSION
The objective of this study was to develop a two-part S-L formulation with improved stability compared to the original two-part L-L formulation, while maintaining the composition of the original reconstituted product that had previously been shown to be efficacious (1). This was achieved by formulating the enzyme as a granulate, Part I, that could be stored separately in a special two-part bottle until combination with the vehicle, Part II, just prior to use.
The enzyme in granulate form was manufactured by a double wet granulation process (Fig. 1) . The first wet granulation at pH 6.5 stabilized MT with regard to degradation. A second wet granulation was performed to achieve a homogeneous mixture with regard to particle size: mixing time and granulation time were found to be critical steps in order to obtain good homogeneity of MT in the final granulate. The drying process of both granulates was also found critical.
Since the final composition of the combined product could not be modified, the first approach in the reformulation was to consider which ingredients could help to form a granulate with the appropriate physical characteristics for Part I, based on their solubility, hygroscopicity, and particle size. A preliminary granulate was created using sodium citrate, citric acid, and glycerol. The use of citric acid combined with sodium citrate afforded a pH of 6.5, sufficient to provide good enzymatic stability and an optimum granulate appearance. The addition of a low concentration of glycerol as a binder prevented a sticky appearance of the granulate. This may be due to a polyol-enzyme complex that stabilizes the enzyme since reactivation by dilution of a similar enzyme/stabilizing complex in an aqueous medium has been reported (19) .
The effects of milling on the facilitation of physical and chemical degradation of drugs have been extensively investigated (20) (21) (22) . When materials are subjected to mechanical stress, defects are formed and may result in the formation of nucleation sites for physical transformations or chemical reactions (23) . Previous to the manufacturing process, it was found helpful to mill the MT enzyme to homogenize the raw material (>90% of particles with a particle size <10 μm): this treatment reduced the enzyme particle size, facilitating uniform dispersion of the enzyme during the first granulation process. When room conditions for this process were maintained at Fig. 2 . Long-term stability of methyl trypsin at 5±3°C, 25±2°C/40±5% RH, 30±2°/60±5% RH, and 40±2°C/20±5% RH in S-L formulation. The figure shows cumulative data from three lots of the same formulation. Each point corresponds to the mean of three replicates ± SE. The regression line is shown for each storage condition Fig. 3 . Enzyme activity after reconstitution of S-L formulation vs L-L formulation stored at 25°C/ 40% RH (Time 0 of 24 months long-term study). Each point represents the mean of three replicates ± SE 20-25°C, and below 40% RH, no increment in water content due to the milling process occurred. For a 100-g lot, the particle size of not less than 90% of particles below 10 μm was reached after 120 s of milling without affecting the proteolytic activity although the temperature rose up to 43.5°C.
Homogeneous mixing between MT (initial particle size: >90% particles are <10 µm) and the preliminary granulate (initial particle size: >95% particles between 63 and 250 µm) was achieved (SE <10%) after 10 min (final particle size: >95% particles between 63 and 250 µm). The MT was added as powder to the preliminary granulate because the addition of the enzyme as a solution was found to decrease the proteolytic activity. A second granulation was performed to distribute homogeneously the enzyme in the preliminary granulate by the addition of an alcoholic solution containing ethanol and poloxamine. Anhydrous ethanol was selected as the granulating fluid because it provided a consistent, nonsticky, granulate, probably because the sodium citrate dihydrate was not solublized by the ethanol. The poloxamine was used as binder that enhanced the flowability and the appearance of the final granulate. Three 2-kg lots (C1-C3) were manufactured to evaluate the mixing time (10 min) and the granulating time (10 min) which were confirmed with the manufacturing of three 10-kg lots (D1-D3). The process provided an adequate homogeneity of MT in the final granulate since SE was <10% in both batch sizes.
The drying process involved the evaporation of the granulating fluid from both the preliminary granulate and also the final granulate, with or without the application of heat. Thermal energy could be applied to the granulates by convection, conduction, or vacuum drying (24) . However, the evaporation was performed at RT due to the heat sensitivity of MT. Again, anhydrous ethanol was the best granulating fluid because it did not require high temperature for evaporation. The drying of the preliminary alcoholic granulate required a minimum of 45% RH in the room. It was thought that glycerol present in the preliminary granulate was miscible with alcohol, impeding its evaporation (from 45% RH and above, an increment in vapor pressure is generated facilitating a superficial evaporation of ethanol at RT) (25) . We evaluated whether an increase in the moisture content of the preliminary granulate could facilitate the drying process. Several 1-kg preliminary granulates prepared with granulating fluids containing increasing concentrations of water up to 30% (EtOH-H 2 O (95:05, 90:10, 80:20, and 70:30)) revealed that a minimum of 10% water enhanced evaporation of the ethanol from the preliminary granulate at 23°C and low RH (≤36%). This may be because in presence of water, a positive azeotrope was formed (a liquid mixture of EtOH-H 2 O with a boiling point lower than either of its constituents (78.1°C)), displacing the glycerol and aiding in the evaporation of ethanol at lower RH (26) .
Long-term stability studies demonstrated that S-L formulation maintained more than 75% enzyme activity for 24 months at 5°C, 25°C, and 30°C for up to 3 days at RT after reconstitution. This represented a significant improvement (p<0.05 for all three temperatures) over the original L-L formulation that was stable for only up to 18 months at 30°C, and up to 1 day at RT after reconstitution (Fig. 4) (1) . In addition, if we compare the drop in proteolytic activity after 3 days of reconstitution of samples stored 24 months at 25°C/40% RH, the S-L product lost 21-24% of activity while the L-L product lost 27-28% of activity, which corroborates the significant improvement (p=0.0000). Therefore, reformulation of the Part I into a granulate enhanced the stability of the enzyme.
CONCLUSIONS
An improved two-part S-L enzymatic ceruminolytic product was developed. The liquid enzyme portion was reformulated as a granulate while keeping the final composition of the combined product constant. An improvement in stability was achieved with the S-L formulation compared with the original two-part L-L formulation.
